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(54) Reducing subterranean formation water permeability 



(57) The water permeability of a subterranean for- 
mation is reduced by introducing into the formation a wa- 
ter flow resisting chemical whteh attaches to adsorption 
sites on surfaces within the porosity of the formation and 
reduces the water peimeability thereof without substan- 



tially reducing the hydrocarbon peimeability thereof. 
The water flow resisting chemical Is comprised of a pol- 
ymer of at least one hydrophilic monomer and at least 
one hydrophobically modified hydrophilic monomer. 
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mfJ^I to?^'"®!!"* 'T"*'°" *° ^ °' treating -a water and hydrocarbon prdducing subterranean for- 

mation to reduce the water permeability thereof . oiicar. lor 

[0002] The production of water with hydrocarbons, i.e. oil and/or gas, from wells constitutes a major problem and 

L'"h "'f "^T °' ^y''"-^^- While hydrocarbon producing wells are usually crpteted iX^ 

J^"^' °f ^^^^^ ^"'^ °" °r '^^'^ water prodX 

zones near the hydrocarbon producing fomiations, the higher mobility of the water often allows it to flow into the weT 

streaks. In the production of such wells, the ratios of water to hydrocarbons recovered often become so high tlftZ 
c<«t of producing the water, separating it from the hydrocarbons and disposing of it represents a signiflcan?«:onomte 

solutions containing cross-lmk.ng agents have been utilized heretofore, in the case of naturally fractured fZSs 
such aqueous polymer solutions have been pumped into the hydrocarbon producing fomiatLs soTt thTy enS 
water zones within and adjacent to the fom,ations and cmss-link therein. The cross-inking of the po^r^e solutons 
causes thern to fomi stiff gels which aid in stopping or reducing the flow of the undesireS water wShe use 
f^TZ ""i^' '■^''"'^'"9 °' '"^'^r ^^f^ieved varying d^raToi su^^sS 

Sacei sS:S ?h« r'nT' "°«-'^'«»-P'««*"c«ng fomiation treatments unless the poiymertS^.?on c3; 

hldr^ «^ ^ T f °' « P°'y'"«r allowed to gel within a 

hydrocarbon producing zone, the cross-linked polymer gel fomied will reduce or stop the flow of hydr<S,J^ons in 

addition to the flow Of v^ter. The selected placement ofapofymer solution inaproducingfomiation^ 
hme-consumlng zonal isolation placement technology. In addrtion. even when a polyn^r solution "rpraprr^^^^ 

a water producing zone, the cross-linked gels fom,ed often do not remain stable in thL 

fnlZ '""r"'^^ «*<"P«on Characteristics of the polymer and associated cross-linker andt^ Hke 

[0004] More recently, chemicals referred to as relative pem,eabi.ity modifiers have been utSized to d^rease the 

production of water wtth hydrocarbons. That is. water pemieabiilty modifying chemicals such rpolyacryl^^hale 

been introduced into hydrocarbon and water producing fomiations so that the chemicals attach traSnSes on 

surfaces wrthintheporosityofthefomiations.Thepresence of thechemicalslnthefo 

the flow o water through the fomiations while having a minimal effect on the flow of hydrocarbonVtiieSirouTS 
use of water pemieability modifying chemicals in hydrocarbon and water producing fomiattons to SaseTe ^ 
ducWon of water is considerably less expensive tiian other techniques such as blocking thrflow of w^er wttTcr^ 
linked polymers, and does not require expensh^e zonal Isolation techniques. However, the use ofTuchCdrophrte 
permeabilrty rnod.fying chemteals. e.g. polyacryiamides. have heretofore resulted n only sm^redu^oJe n wS 
production and/or unacceptable levels of reduction in hydrocarbon production reaucoons in water 

[00051 Thus, there are needs for improved methods of treating water and hydrocarbon producing subterranean for- 

Z^Zi o fJrL^T P^'^^^^'-^y '"°'^''y'"g o^emicals whfch are more effective in reducing w«er pradc^to^^h 
minimal or no reduction in hydrocarbon production. H>"u»*."ori wim 

[0006] in one aspect, ttie present invention provides a method of treating a water and hydrocarbon oroducina sub 
terranean fomiation to reduce the water pemieablllty thereof, whteh method comprises Intr^Snto said foS^^^^^^ 
a water flow resisting chemical comprised of a pofymer of at least one hydrophiite monomer and at 3onrhvdm 
Phobfcally modified hydrophiite monomer, which polymer attaches to adsorption sites onTui^s wiZ the po^^^ 

' r K ; ^^'y]^"^^ octadecyldimethylammoniumethyl methacrylate bromide copolymer a dimeZ 
ammoetiiylmethacrylmeMnylpyn-olidone/hexade^^ 

acrylamide/2-acnrlamido-2-methyl propane sulfonteadd^-ethylhexyl methacrylate terpoiymerl^^^^ 
mors wh.h can be utilized preferably have a mol^^^^ 

ITZr f T °' ''y^^Pl^'llo monomer(s) to the hydrophobicaily modified hydr^phiiic monleri) i;^the 
polymers is preferably in the range of from about 99.98:0.02 to about 901 0 monomer^s; in ine 

[0008] The polymer utilized can be introduced into the fomiation to be treated in an aqueous earner liquid solution 
and overflushed with a water compatible with the fomiation. After ttie fomiation is contacted withT solSion Ind the 
to surfaces Within the porosity of tt,e fom,aHon. a secondary overflush JII hydm^Z such 

trrcrzr^Thr^^^^^^^^^^^ 

fZlnir^Tesr^Cl^^^^^^^^^ 

[0010] Thepolymersusefulinaccordancewittithisimrentioncanbepreparedfromavarietyofhydrophiiicmonomers 
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and hydrophobically modified hydrophflic monomers. 

[0011] Examples of particul arly suitable hydrophilic monom ers which can be utilized include, but are not limited to, 
acrylamide, 2-acrylamldo-2-methyl propane sulfonic acid, N,N-dimethylacrylamide, vinyl pyrrolidone, dimethylaminoe- 
thyl methacrylate, acrylic acid, dimethylaminopropylmethacrylamlde, trimethylammoniumethyl methacrylate chloride, 
methacrylamide and hydroxyethyl acrylate. Of these, acrylamide, 2-acrylamido-2>methyi propane sulfonic acid, acrylic 
acid, dimethyiaminoethyl methacrylate and vinyl pyrrolldone are preferred. 

[0012] A variety of hydrophobically modified hydrophilic monomers can also be utilized to form the polymers useful 
in accordance with this invention. Particularly suitable hydrophobically modified hydrophilic monomers include, but are 
not limited to, alkyi acrylates, alkyi methacrylates, alkyl acrylamldes and alkyi methacrylamides wherein the alkyi rad- 
icals have from about 4 to about 22 carbon atoms, alkyl dimethylammoniumethyl methacrylate bromide, alkyl dimeth- 
ylammoniumethyl methacrylate chloride and alkyl dimethylammonlumethyi methacrylate iodide wherein the alkyl rad- 
icals have from about 4 to about 22 carbon atoms and alkyl dimethylarnmonium-propylmethacrylarnide bromide, alkyl 
dimethylammonium propylmethacrylamide chloride and alkyi dimethyiammonlumpropylmeth acrylamide iodide wherein 
the alkyl groups have from about 4 to about 22 carbon atoms. Of these, octadecyldimethylammoniumethyl methacrylate 
bromide, hexadecyldimethyl-ammoniumethyl methacrylate bromide, hexadecyldimethylammoniumpropyl methacryla- 
mide bromide, 2-ethylhexyl methacrylate and hexadecyl methacrylamide are preferred. 

[0013] Polymers which are useful in accordance with the present invention can be prepared by polymerizing any 
one or more of the hydrophilic monomers with any one or more of the hydrophobically modified hydrophilic monomers. 
While the polymerization reaction can be performed in various ways, an example of a partteularly suitable procedure 
for polymerizing water soluble monomers is as follows. Into a 250 mL-3 neck round bottom flask, charge the following: 
47.7 g Dl water, 1 .1 g acrylamide and 0.38 g alkyl dimethylammoniumethyl methacrylate bromide. The solution formed 
is sparged with nitrogen for approximately 30 minutes, followed by the addition of 0.0127 g of 2,2'-azobls (2-amidino- 
propane) dihydrochloride. The resulting solution is then heated, with stirring, to 11 0** F and held for 1 8 hours to produce 
a highly viscous polymer solution. 

[0014] When the hydrophobically modified hydrophilic monomer is not water soluble, e.g., octadecylmethacrylate, 
the following procedure can be utilized. Into a 250 mL-3 neck round bottom flask, charge the following: 41 .2 g Dl water 
and 1 .26 g acrylamide. The solution fomied is sparged with nitrogen for approximately 30 minutes, followed by the 
addition of 0.06 g of octadecyl methacrylate and 0.45 g of a cocoamidopropyl betaine surfactant. The mixture is stirred 
until a homogeneous, clear solution is obtained followed by the addition of 0.0055 g of 2,2'-azobis (2-amidinopropane) 
dihydrochloride. The resulting solution Is then heated, with stimng, to IIO^F and held for 18 hours to produce a highly 
viscous polymer solution. 

[0015] In addition, the polymerization procedure may employ a hydrocartDon reaction medium instead of water. In 
this case, appropriate surfactants are used to emulsify the hydrophilic/hydrophobic monomers, and the product is 
obtained as an oil external/water internal emulsion. 

[0016] Suitable polymers prepared as described above have estimated molecular weights in the range of from about 
250,000 to about 3,000,000 and have mole ratios of the hydrophilic monomer(s) to the hydrophobically modified hy- 
drophilic monomer(s) in the range of from about 99.98:0.02 to about 90:10. Partlculariy suitable polymers having mo- 
lecular weights and mole ratios in the ranges set forth above include, but are not limited to, an acrytamlde/octadecyld- 
imethylammoniumethyl methacrylate bromide copolymer, a dimethyiaminoethyl methacrylate/hexadecyldimethylam- 
moniumethyl methacrylate bromide copolymer, a dimethyiaminoethyl methacrylate/vinyl pyrrolidone/hexadecyldlmeth- 
ylammoniumethyl methacrylate bromide terpolymer and an acrylamlde/2-acrylamido-2-methyl propane sulfonic acid/ 
2-ethylhexyl methacrylate terpolymer. Of these, an aery lam ide/octadecyl dimethylammoniumethyl methacrylate bro- 
mide copolymer having a mole ratio of hydrophilic monomer to hydrophobically modified hydrophilic monomer of 96: 
4 Is presently preferred. 

[001 7J An improved method of this Invention for treating a water and hydrocarbon producing subterranean formation 
to reduce the water permeability thereof without substantially reducing the hydrocartDon pemrieabillty thereof is com- 
prised of the following steps. A polymer of at least one hydrophilic monomer and at least one hydrophobically modified 
hydrophilic monomer is prepared having a molecular weight in the range of from about 100,000 to about 10,000,000 
and having a mole ratio of hydrophilte monomer(s) to hydrophobically modified hydrophilic monomer(s) in the range 
of from about 99.98:0.02 to about 90:10. Thereafter, the polymer is introduced Into the subterranean formation to be 
treated so that the polymer attaches to adsorption sites on surfaces within the porosity of the fomiation. 
[0018] In carrying out the above described method, the polymer is preferably dissolved in an aqueous earner liquid 
and the resulting solution containing the polymer is introduced into the formation. The aqueous canier liquid can be 
fresh water, seawater, or an aqueous salt solution. The aqueous carrier liquid Is preferably an aqueous salt solution 
containing one or more salts in an amount in the range of from about 2% to about 10% by weight of the solution. A 
variety of salts can be utilized in the aqueous solution such as potassium chloride, sodium chloride, ammonium chloride 
and calcium chloride. 

[0019] In order to facilitate the flow of the earner liquid solution containing the polymer into the formation being 
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treated, a surfactant can be Included In the carrier fluid solution. While a variety of surfactants can be used, a presently 
prefen-ed su rfactant is cocoylamidopropylbetaine. When used, the surfactant Is included in the earner liquid solution 
In an amount in the range of from about 0.10% to about 2.0% by weight of the solution, more preferably In an amount 
In the range of from about 0.5% to about 1%. 

[0020] After the treatment described above whereby the polymer utilized Is adsorbed onto the formation surfaces, 
an after-flush of a hydrocarbon liquid such as kerosene, diesel oil or crude oil or a hydrocarbon or inert gas such as 
methane and natural gas or nitrogen (when the fomiation produces gas) can be introduced into the fomiatlon. Although 
It is not required In order for the polymer to be effective, the hydrocarbon liquid or gas after-flush in the fomiatlon 
facilitates the subsequent flow of hydrocarbons through the formation. 

[0021] In order to further illustrate the methods of the present Invention, the following examples are gh/en. 
Example 1 

[0022] Various cationic hydrophobically modified hydrophillc monomers were prepared In accordance with the pro- 
cedures described above by reacting dimethylaminoethyl methacrylate with hexadecyl bromide, octadecyl bromide 
and 1-bromodocosane (behenyl bromide) to produce hexadecyl, octadecyl and behenyl dimethylammonium-ethyl 
methacrylate bromide. Various mole percentages of the hydrophobically modified hydrophillc monomers and acryla- 
mide were then reacted to produce copolymers having estimated molecular weights in the range of from about 250,000 
to about 3,000,000. In addition, a non-ionic hydrophobic monomer, i.e., octadecylmethacrylate was dissolved In an 
aqueous solution containing a suitable surfactant and copolymerlzed with acrylamlde as described above. The various 
copolymers produced are described In TABLE I below. 

[0023] For comparison purposes, polyacrylamide and two commercially available poly acrylamlde polymers of known 
molecular weight, i.e.. "ALCOFLOOD 246Stm- and "ALCOFLOOD 935^^" are included in TABLE I. 
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[0024] A murti-pressure tap Hassler sleeve containing a Berea sandstone core was utilized to determine the water 
permeability reduction produced by the various copolymers described In Table I. The permeability reduction tests were 
run at a temperature of IZS^'F utilizing a brine containing 9% by weight sodium chloride and 1% by weight calcium 
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10 



chloride. 

[0025] The following procedure was utilized for a first series of tests, the results of which are shown in Table II below. 



The above described brine was flowed through the Berea core until the pressure stabilized, yielding an initial perme^ 
ability. The polymer or copolymer tested was dissolved in the above described brine in an amount of 2,000 parts per 
million, and 1 00 milliliters of the treatment solution containing the polymer or copolymer was flowed into the core and 
overflushed through the core with 1 00 milliliters of the above descnbed brine, both of which were flowed in the opposite 
direction to the initial brine flow. The brine flow was then resumed In the original direction until the pressure again 
stabilized and final penmeabillty was calculated. The percent brine pemneability reduction was calculated using the 
formula [1 -(final penneabiiity/initlal pemneability)] x 100. The multi-tap Hassler sleeve allowed the core pemneability to 
be divided into four segments. In the tests, the initial brine flow was from segment 1 through segment 4. The treatment 
solution and displacement brine flow were from segment 4 through segment 1 , and thef Inat brine flow was from segment 

1 through segment 4. The initial and final permeabilities were calculated for the middle two segments, i.e., segments 

2 and 3. The results of the tests are set forth in Table II below. 



15 



20 



25 



30 



TABLE II 



Permeability Reduction In Berea Sandstone At 175"* 


Polymer or Copolymer No. 


% Brine Permeability Reduction - 


% Brine Pemieability Reduction - 




Segment 2 


Segment 3 


1 (Control) 


38 


20 


2 


33 


53 


3 


35 


35 


4 


30 


43 


5 


43 


52 


6 


48 


65 


7 


10 


42 


8 


60 


60 


9 


45 


35 



[0026] From Table II, it can be seen that the copolymers of this invention produced greater brine reduction than 
polymer No. 1 (unmodified polyacrylamide). 

Example 2 
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[0027] The tests described in Example 1 were repeated except that a different flow sequence was utilized to simulate 
a subterranean zone which initially produced oil but later "watered out,** i.e., produced only brine but still had residual 
oil trapped therein. This scenario was simulated by flowing a sequence of brine and oil (kerosene) through the core. 
In a first set of tests, the sequence was first brine, then oil, then brine, then oil, then brine, then the treatment solution 
and then brine. The third brine flow was used to calculate the initial permeability to brine at residual oil conditions. This 
permeability was used along with the permeability calculated after the final brine flow to determine the percent brine 
permeability reduction. To determine the impact of thermal degradation, following the final brine flow, some testing was 
performed where the core was shut-in at temperature over night and flow was resumed the next day. The brine per- 
meability was detemriined after the shut-in. 

[0028] Another series of tests were run to simulate what happens If the treatment solution enters an oil-producing 
zone containing residual water. These tests were conducted with a flow sequence of a first brine flow, then an oil flow, 
then a second brine flow, then a second oil flow, then the treatment solution flow followed by a third oil flow. The second 
oil flow was used to calculate the initial oil permeability and the last oil flow was used to determine the permeability to 
oil after treatment. The percent oil permeability reduction was determined in the same manner as described above for 
determining the percent brine pemneability reduction. The results of these tests are given in Table III below. 
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TABLE III 





Permeability Reduction In Berea Sandstone At 175®F 


5 


Polymer or 


% Brine 


% Brine 


% Brine 


% Brine 


% Oil 


%Oil 




Copolymer 


Permeability 


Permeability 


Permeability 


Permeability 


Pemieablllty 


Pemieablllty 




No. 


Reduction 


Reduction 


Reduction 


Reduction 


Reduction 


Reduction 






-Segment 2 


-Segment 3 


-Segment 2 


-Segment 3 


-Segment 2 


•Segment 3 










24 Hour 


24 Hour 




10 








Shut-In 


Shut-in 








1 (Control) 


25 


45 


-65 


-30 








3 


45 


55 






-30 


0 




4 


55 


72 






20 


-10 


15 


5 


45 


70 






-50 


-40 


10 


35 


50 


35 


50 








11 


55 


75 











[0029] From Table 1 1 1, it can be seen that the copolymers of this Invention functioned to increase the brine permeability 
20 reduction as compared to polymer No. 1 (polyacrylamide). 

[0030] It can also be seen that polymer No. 1 (polyacrylamide) lost effectiveness after 24 hours. In comparison, 
copolymer No. 1 0 retained its effectiveness after the 24 hour shut-in. The percent oil pemrieabiiity reduction numbers 
were negative Indicating increased oil penneability after the treatment. 



25 Example 3 

[0031] The tests described in Examples 1 and 2 (with the exception of the oil penneability reduction tests of Example 
2) were repeated except that a different flow sequence was utilized. That is, the flow sequence was first brine, then 
oil, then brine. The second brine flow was used to calculate the initial permeability to brine under residual oil conditions. 
30 The treatment solution was then flowed through the core and overflushed through the core with 1 00 milliliters of brine 
which was followed by 25 milliliters of oil (kerosene). Following the treatment and overflush stages, brine flow was 
again stabilized through the core in the original direction. The percent brine permeability reduction in segments 2 and 
3 before and after a 24 hour shut-in were calculated. The results of these tests are given In Table IV below. 



35 


TABLE IV 






Permeability Reduction In Berea Sandstone At 175^^ 




Polymer or 


% Brine 


% Brine 


% Brine 


% Brine 




Copolymer No. 


Permeability 


Permeability 


Pemneability 


Permeability 


40 




Reduction - 


Reduction - 


Reduction • 


Reduction - 




Segment 2 


Segment 3 


Segment 2 


Segment 3 










24 Hour 


24 Hour 










Shut-in 


Shut-in 




1 


40 


63 


0 


17 


45 


12 


42 


68 


32 


60 




13 


65 


85 


55 


80 




10 


72 


78 


58 


68 




14 


65 


82 


48 


74 


50 


15 


78 


83 


76 


83 



[0032] From Table IV, it can be seen that the control polyacrylamide lost its effectiveness after the 24 hour shut-In. 
The copolymers of the present invention produced higher levels of brine penneability reduction and maintained their 
effectiveness after the 24 hour shut-in. 
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Claims 



T. A method of treating a water and hydrocarbon producing subterranean formation to reduce the water permeability 
thereof, which method comprises Introducing into said formation a water flow resisting chemical comprised of a 
5 polymer of at least one hydrophilic monomer and at least one hydrophoblcally modified hydrophlllc monomer, 

which polymer attaches to adsorption sites on surfaces within the porosity of said fonrnation to reduce the water 
permeability thereof without substantially reducing the hydrocarbon penmeabillty. 

2. A method according to claim 1 , wherein said hydrophilic monomer is selected from acrylamide, 2-acryIamido- 
10 2-methyl propane sulfonic acid. N,N-dimethylacrytamide, vinyl pynrolidone, dimethylaminoethyl methacrylate, 

acrylic acid, dimethylaminopropylmethacrylamide, trimethylammoniumethyl methacrylate chloride, methacryla- 
mide and hydroxyethyi acrytate. 

3. A method according to claim 1 or 2, wherein said hydrophoblcally modified hydrophilic monomer is selected from 
15 alkyi acrylates, alkyl methacrylates, alkyi acrylamides and alicyl methacrylamides wherein the alkyi radicals have 

from 4 to 22 carbon atoms; alkyl dimethylammoniumethyl methacrylate bromide, alkyi dimethylammoniumethyl 
methacrylate chloride and alkyl dimethylammoniumethyl methacrylate iodide wherein the alkyl radicals have from 
4 to 22 carbon atoms; and alkyl dimethylammontum propytmethacrylamide bromide, alkyl dimethytammonium pro- 
pylmethacrylamide chloride and alkyl dimethylammonium propyimethacrylamide iodide wherein the alkyi groups 
20 have from 4 to 22 carbon atoms. 

4. A method according to claim 1 , 2 or 3, wherein the mole ratio of said hydrophilic monomer to said hydrophobtoaiiy 
modified hydrophilic monomer in said polymer is from 99.98:0.02 to 90:10. 

25 5. A method according to claim 1 , 2, 3 or 4, wherein said polymer Is selected from an acrylamide/octadecyldimeth- 
ylammonlumethyl methacrylate bromide copolymer, a dimethylaminoethyl methacrylate/hexadecyldlmethylammo* 
niumethyl methacrylate bromide copolymer, a dimethylaminoethyl methacrylateA^inyl pyrrolldone/ hexadecyld- 
imethylammoniumethyl methacrylate bromide terpolymer and an acrylamide/2-acrylamido-2-methyl propane sul- 
fonic acid/2-ethyihexyi methacrylate terpolymer. 

30 

6. A method according to any of claims 1 to 5, wherein said polymer has a molecular weight in the range of 1 00,000 
to 10.000,000. 

7. A method according to any of claims 1 to 6, wherein said polymer is dissolved in an aqueous carrier liquid, preferably 
35 an aqueous salt solution. 

8. A method according to claim 7, wherein the carrier liquid is an aqueous salt solution selected from potassium 
chloride, sodium chloride, ammonium chloride and calcium chloride, the salt being present in said aqueous salt 
solution in an amount of from 2% to 10% by weight of said solution. 

40 

9. A method according to claim 7 or 8, wherein said aqueous carrier liquid solution further comprises a surfactant 
dissoh/ed therein, preferably cocoylamidopropylbetaine in an amount of from 0.1 % to 2% by weight of said canier 
liquid solution. 

45 10. A method according to any of claims 1 to 9, which further comprises the step of introducing a hydrocarbon liquid 
or a gas into said fomnation after the introduction of said water flow resisting chemical therein, said hydrocarit>on 
liquid preferably being kerosene, diesel oil or crude oil, and said gas preferably being methane, natural gas or 
nitrogen. 

50 
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